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Summary
1. Dissecting drivers of plant defence investment remains central for understanding the assemblage
of communities across different habitats. There is increasing evidence that direct defence strategies
against herbivores, including secondary metabolites production, differ along ecological gradients in
response to variation in biotic and abiotic conditions. In contrast, intraspeciﬁc variation in indirect
defences remains unexplored.
2. Here, we investigated variation in herbivory rate, resistance to herbivores and indirect defences in
ant-attracting Vicia species along the elevation gradient of the Alps. Speciﬁcally, we compared vola-
tile organic compounds (VOCs) and ant attraction in high- and low-elevation ecotypes.
3. Consistent with adaptation to the lower herbivory conditions that we detected at higher elevations
in the ﬁeld, high-elevation plants were visited by fewer ants and were more susceptible to herbivore
attack. In parallel, constitutive volatile organic compound production and subsequent ant attraction
were lower in the high-elevation ecotypes.
4. We observed an elevation-driven trade-off between constitutive and inducible production of
VOCs and ant attraction along the environmental cline. At higher elevations, inducible defences
increased, while constitutive defence decreased, suggesting that the high-elevation ecotypes compen-
sate for lower indirect constitutive defences only after herbivore attack.
5. Synthesis. Overall, direct and indirect defences of plants vary along elevation gradients. Our ﬁnd-
ings show that plant allocation to defences are subject to trade-offs depending on local conditions,
and point to a feedback mechanism linking local herbivore pressure, predator abundance and the
defence investment of plants.
Key-words: alpine, ant, extraﬂoral nectar, herbivory, mutualism, myrmecophily, natural enemy,
plant–herbivore interactions
Introduction
Insect herbivores and plants together comprise more than half
of the terrestrial macrobiodiversity described today (Strong,
Lawton & Southwood 1984), and nearly half of existing
insects species are phytophagous, consuming vegetable mate-
rial including leaves, stems, roots, ﬂowers, nectars and pollen
(Schoonhoven, van Loon & Dicke 2005). To counter insect
aggression, plants have evolved defence systems, classically
grouped into two categories. The ﬁrst type, called ‘direct
defences’, includes chemical or mechanical defences, and
physiological adaptations that limit plant palatability to insect
herbivores (Schoonhoven, van Loon & Dicke 2005). The sec-
ond type, called ‘indirect defences’, includes the plant’s active
attraction of a partner at a higher trophic level, such as the
predators or parasitoids that consume or deter the herbivores
(Turlings & W€ackers 2002; Dicke & Baldwin 2010). Attrac-
tion of carnivorous insects is enhanced by the plant produc-
tion of alimentary rewards like food bodies or extraﬂoral
nectaries (EFNs) (Heil 2008; Kessler & Heil 2011), or infor-
mation-rich cues such as the production of volatile organic
compounds (VOCs) (Turlings, Tumlinson & Lewis 1990;*Correspondence author. E-mail: loic.pellissier@unifr.ch
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Dicke & Baldwin 2010), both of which have been shown to
limit herbivory (Heil et al. 2001; Kessler & Baldwin 2001)
and increases plant ﬁtness (Stephenson 1982; de la Fuente &
Marquis 1999; Schuman, Barthel & Baldwin 2012).
Plants may employ their defence systems either constitu-
tively or only in response to leaf damage by herbivores
(= induced defences) (Karban & Baldwin 1997). Particularly,
plant induction of defences by chewing herbivores is orches-
trated by the synthesis of jasmonic acid, which is produced
from linolenic acid through the octadecanoid-signalling path-
way and generally, results in increased production of direct
and indirect defences (Howe & Jander 2008). It has been pos-
tulated that inducible defences originated as a cost-saving
strategy (Karban & Baldwin 1997; Agrawal & Karban 1999).
As induced and constitutive defences utilize the same pool of
resources, they should negatively correlate with each other
(Thaler & Karban 1997; Heil et al. 2004; Rasmann et al.
2011). Following the same reasoning, direct and indirect
defences also are expected to be negatively correlated and
may be differentially selected under contrasting environmental
conditions (Ballhorn et al. 2008). To date, relatively few stud-
ies have investigated intraspeciﬁc variation in indirect defence
in natural populations of plants (Wason & Hunter 2014) and
to our knowledge virtually, none have compared direct and
indirect defences along environmental gradients.
The type of defence and the amount of energy a plant allo-
cates should represent an optimal strategy given the local abi-
otic conditions (soil resources, climate, photosynthesis activity,
etc.) and the abundance and identity of attackers (Coley, Bryant
& Chapin 1985; Herms & Mattson 1992; Fine, Mesones & Co-
ley 2004). Therefore, contrasted environmental conditions
along gradients should inﬂuence plant/herbivore interactions.
Abundance and composition of insect herbivore communities
shift among habitats because ectotherms are affected by abiotic
conditions (Novotny et al. 2005; Singer & Stireman 2005;
Rodrıguez-Casta~neda et al. 2010; Pellissier et al. 2012a). Simi-
larly, the abundances of natural enemies of herbivores should
vary along environmental gradient potentially limiting the
beneﬁt of indirect defences (Machac et al. 2011; Rodriguez-Cas-
taneda et al. 2011). For instance, ants are frequently involved in
plant indirect defences (Beattie 1985), as they are the dominant
insect predators in many different ecosystems (Holldobler &
Wilson 1990). However, this defence system is dependent on
ants being available and therefore may be counter-selected in
environments with low ant frequencies (Rodriguez-Castaneda
et al. 2011; Reymond et al. 2013). In addition, variation in envi-
ronmental conditions may inﬂuence plant metabolic activity and
the extent to which defences can be synthesized. For instance,
due to the differential costs of tissue replacement in low- and
high-resource environments, the optimal defence allocation
would be higher in low-resource habitats and lower in high-
resource habitats (Coley, Bryant & Chapin 1985; Fine, Mesones
& Coley 2004). Therefore, along environmental gradients, the
distribution and abundance of herbivorous insects and thus the
probability of attack is assumed to be non-uniform (Hodkinson
2005; Pellissier et al. 2012a) and the plant investment in direct
and indirect defences is expected to form clines.
Elevation gradients are optimal systems for inferring shifts
in species interactions in varying environmental conditions
(Pickett 1989; K€orner 2007; Beier et al. 2012; Rasmann,
Alvarez & Pellissier 2014). Indeed, elevation gradients act as
‘natural experiments’ by providing variation in abiotic factors
under which biotic interactions can be evaluated (Preszler &
Boecklen 1996; Darrow & Bowers 1997; Salmore & Hunter
2001; Zehnder et al. 2009). Compared with much large-scale
latitudinal gradients, elevation gradients minimize the con-
founding effects of historical and biogeographical differences
in, for instance, plant and herbivore species pools (Hodkinson
2005). The shifts in abiotic and biotic conditions along eleva-
tion gradients may promote turnover in plant and insect strat-
egies in communities. Plant defence strategies are, therefore,
expected to differ along these gradients.
Speciﬁcally, it has been postulated that at high elevation,
because of lower herbivory pressure linked to a decrease in
herbivore abundance, plants would decrease their investment
in primary defences (Pellissier et al. 2012a). In parallel, the
need to attract a predator partner should decrease with
increasing elevation (Rodriguez-Castaneda et al. 2011). On
the other hand, as high-elevation plants might suffer from a
reduction in metabolic activity and growth due to poorer soil
quality and colder temperatures, we might predict an increase
in low-cost inducible defences at high elevation. Using a
combination of ﬁeld observation, ﬁeld experiments and com-
mon garden experiments, we here investigated potential varia-
tion in herbivory and direct resistance as well as bodyguard
recruitment in Vicia sp. along elevation gradients. We mea-
sured ant attendance, and herbivory in the ﬁeld, and compared
VOCs production and ant attraction between high- and low-
elevation ecotypes. We asked the following questions: (i) Is
there variation in abundance and diversity of ant species visit-
ing V. sepium across the plant elevation range? (ii) Is herbiv-
ory pressure decreasing with elevation, and in turn do we
observe a lower resistance in the high-elevation ecotype? (iii)
Does the amount of constitutive and induced VOCs produc-
tion differ along elevation gradients and does this affect
attraction of ants?
Materials and methods
FIELD OBSERVATION OF ANT VIS ITAT ION
Vicia sepium L. (Fabaceae) or bush vetch is a nitrogen-ﬁxing, peren-
nial, leguminous climbing plant that grows in hedgerows, grasslands,
the edges of woodland, roadsides and rough ground across western
Europe, Russia, the Caucasus, and where habitat is suitable, in Green-
land. Its widespread continental distribution is also reﬂected in its
wide elevation range in the Swiss Alps, in which it has been reported
to grow from the lowlands up to the sub alpine zone. Vicia sepium is
similar in appearance to the common vetch (V. sativa L.), but the
common vetch is annual and only occurs in the lowlands.
To assess variation in ant attendance of the plant along elevation
gradients, during the month of July 2012, we visited 26 populations
of V. sepium situated between 490 m and 2200 m above sea level in
the Swiss Alps. For each population, during its ﬂowering stage, we
recorded over an investigated surface of 50 by 50 m the number of
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plant individuals with and without ants during a 30-min observation
period. Observations were only conducted during warm and sunny
conditions. Ants were collected and identiﬁed in the laboratory using
morphological keys coupled with genetic barcoding. We computed
the proportion of plants interacting with ants per population and
related this to elevation with a General Linear Model (GLM) using a
binomial distribution. The signiﬁcance of the relationship was
assessed using a Wald’s Z-test. We also measured extraﬂoral nectar
sugar concentration, however, because of strong variability in nectar
droplets that were visible on the extraﬂoral nectaries, we could only
measure nectar production from two populations along the same tran-
sect. Using a temperature-compensated refractometer (ATAGO-53,
ATAGO USA, Inc., Bellevue, WA, USA), we measured 12 plants
from one high population site (1980 m above sea level) and 12 plants
from a low population site (850 m above sea level). Plants were sepa-
rated from each other by at least 10 m.
HERBIVORY RATES IN COMMON GARDENS ALONG
ELEVATION GRADIENTS
To study herbivore pressure on Vicia sp. along elevation gradients,
we transplanted individuals of V. sativa to different elevations and
exposed them to natural herbivory. As V. sativa occurs in lowland
habitats, there is no pre-adaptation to variation of herbivores at differ-
ent elevations, and thus, this species constitutes a good bioassay to
measure herbivore attacks along the elevation gradient. V. sativa
seeds (B & T World Seeds, Aigues-Vives, France) were germinated
in regular potting soil (Orbo-2, Schweizer AG, Lausanne; Switzer-
land) with perlite (3:1). After 7 days, same-size plantlets were trans-
planted into 15-cm diameter plastic pots containing the same soil as
for germination and placed in a greenhouse at 25/18 °C, 60% relative
humidity, and a photoperiod consisting of 14 h of daylight. After
2 weeks of growth, 10 plants were placed in six different grasslands
along an elevation gradient in the western Swiss Alps. Locations of
the grasslands are the following: Lavey (440 m), Gryon (1090 m),
Solalex (1470 m), Martinaux (1520 m), Anzeindaz (1870 m), Rion-
daz (2150 m). After four weeks of exposure to natural herbivory,
damage was measured using the following ranking: (0) no damage,
(1) small marks on the leaves, (2) leaﬂet partially eaten, (3) entire
leaﬂets eaten, (4) entire leaves eaten, and (5) dead plant. We tested
the relationship between elevation and damage using a linear mixed
model accounting for the grouped effect of individuals within each
site using the lme4 package and tested the signiﬁcance with an F-test
using the Kenward–Roger approximation.
ELEVATION EFFECTS ON DIRECT AND INDIRECT
DEFENCES IN V. SEPIUM
To measure elevation effects on chemical defence production, resis-
tance and ant attraction, we collected seeds from eight populations of
V. sepium from low elevation (<800 m) and eight from high elevation
(>1500 m) in the Swiss Alps. Seeds were scariﬁed using sandpaper
to stimulate germination, and all plants were grown in the greenhouse
under the same soil, light, temperature and humidity conditions as
above.
Plant direct resistance: We assessed the integrative outcome of
V. sepium direct defences using a measure of resistance against a gen-
eralist chewing herbivore. We placed 10 ﬁrst instar larvae of Spodop-
tera littoralis (obtained from Syngenta, Stein, Switzerland) on plants
of V. sepium from high and low elevation wrapped with ﬁne-meshed
nylon netting to prevent larvae from leaving the plants. S. littoralis is
a generalist caterpillar known to feed on plants of at least 40 different
families (Brown & Dewhurst 1975) and widely used to perform plant
resistance bioassays. As S. littoralis is not present in Switzerland, it
has the advantage of removing potential confounding effects of pre-
adaptation to plant species and ecotypes. After 10 days of feeding,
we collected the caterpillars, froze them immediately in liquid nitro-
gen and weighed them. We compared the weight of herbivores grown
on high- and low-elevation plants using an analysis of variance
(ANOVA). We used a balanced random sample of seeds from each of
the eight populations but did not track population afﬁliation in the
experiment. As a consequence, while we detect differences between
low- and high-elevation ecotypes irrespective of populations, we
cannot evaluate the variation among populations from high- or
low-elevation ecotypes. Cyanide-based secondary metabolites have
classically been considered as chemical defences against herbivores in
Fabaceae and have been measured in several Vicia species
(Wink 2003), but to our knowledge, they have never been reported in
V. sepium. To conﬁrm this, we additionally quantiﬁed CN levels in
V. sepium leaves of ﬁve control and ﬁve induced plants of high and
low elevation using the Brinker and Seigler (1992) protocol.
Indirect defence: To characterize the VOCs emissions of
V. sepium, we used a modiﬁed dynamic headspace collection method
(Kessler & Baldwin 2001). Leaf volatiles were collected by placing
an oven bag (1 L volume) around the plants, and by pulling air
through the chamber into a charcoal ﬁlter trap (Orbo-32; Supelco,
Bellefonte, PA, USA) with a ﬂow rate of 250 mL min1 for 4 h.
Traps were eluted with 250 lL of dichloromethane after the addition
of 250 ng of tetraline as an internal standard, and 2 lL aliquots were
analysed using gas chromatography–mass spectrometry (GC/MS) with
a Thermo Trace GC Ultra Lan GC system coupled with a quadru-
pole-typemass-selective detector (DSQ II from Thermo (Thermo
Fisher Scientiﬁc Inc., Waltham, MA, USA; transfer line 220 °C,
source 240 °C, ionization potential 70 eV). The sample was injected
on an apolar column (Zebron ZB-5MS, 30 m, 0.25 mm internal
diameter, 0.25 lm ﬁlm thickness, Phenomenex, Torrance, CA USA).
Helium at a constant ﬂow (1.2 mL min1) was used for carrier gas
ﬂow. After splitless injection (250 °C), the column temperature was
raised from 40 to 150 °C at 6 °C min1, then to 220 °C at 6 °C
min1 followed by a ﬁnal stage of 5 min at 220 °C. Peak areas were
integrated from selected ion chromatograms speciﬁc to the individual
compounds and normalized by the peak area of the internal standard.
Peaks were identiﬁed when possible by the comparison of retention
times (RT) and mass spectra with standards. Volatile emissions are
reported as nanograms tetraline equivalents per hour. We analysed
constitutive volatile production of 10 uninduced (undamaged) plants
and of 10 plants that were induced with jasmonic acid. Both the non-
induced and induced treatments included ﬁve plants from high and
ﬁve plants from low elevation that originated from different popula-
tions. Induction was carried out by placing cotton tips spiked with
5 lL methyl-jasmonate (Sigma-Aldrich Chemie GmbH, Buchs,
Switzerland, CAS Number 39924-52-2) near each plant, which was
covered with 1L oven bag for 12 h. We induced plants with methyl-
jasmonate, as it is known to activate plant defences against attacks by
herbivores (Farmer & Ryan 1992). This approach provides a more
standardized induction than using real herbivores, due to their intrin-
sic variation in herbivory levels between high- and low-elevation pop-
ulations. Uninduced plants were covered with the oven bag, but the
cotton tip was left without methyl-jasmonate. We compared the pro-
duction (ng h1) of VOCs from the different RT between constitutive
and induced plants from high and low elevation using a three-way
ANOVA including as factors RT, jasmonic acid treatment and elevation
of origin. To reach normality in the model residuals, we used a
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square root transformation of the response variable. We also com-
pared the total amount of VOCs by summing compounds from all RT
between elevation and treatments using an ANOVA.
ANT ATTRACTION EXPERIMENT
We next assessed the difference in ant attraction of high- and low-ele-
vation plants using custom-made glass olfactometers modiﬁed after
Rasmann et al. (2005). The olfactometer is a two-sided system of
glass tubes consisting of two vessels attached, on the opposite direc-
tions, to a central chamber by a 10-cm-long glass tube each. Vicia
sepium plants were grown in common garden as described previously,
and after three weeks of growth, the shoots of non-ﬂowering V. sepi-
um plants were introduced in the vessels on both sides of the olfac-
tometer (Fig. 1). After placing ﬁve ants in the central chamber, they
were allowed to freely walk through the tubes in the direction they
choose for 20 min. The number of ants found in each side of the
olfactometer was counted after this period. Olfactometers were
washed with ethanol between uses to suppress potential ant trails in
the tubes (Holldobler & Wilson 1990). We used several ant species
(Formica fusca, Formica selysi, Myrmica. spp.) from colonies col-
lected in the ﬁeld to conduct this experiment as V. sepium is general-
ist in term of species attraction (see Results section). We performed a
ﬁrst experiment comparing constitutive attraction of ants between
high- and low-elevation ecotypes of V. sepium. The second experi-
ment was carried out by inducing the plants from both elevations with
methyl-jasmonate as described earlier. Each treatment was replicated
20 times using the same selection of ant species. We compared ant
attraction between high and low elevation with and without treatment
with jasmonate using an ANOVA.
Results
ANT ATTENDANCE, NECTAR PRODUCTION
AND HERBIVORY ALONG ELEVATION
We investigated 26 populations of V. sepium in the Swiss
Alps ranging from 490 to 2200 m. We found a decrease of
ant attendance with elevation (Fig. 2a, Z = 2.387,
P = 0.017, Fig. 1). In lowland populations, almost all plant
species were visited by ants. This ratio decreased with eleva-
tion so that a large proportion of individuals were not
attended at high elevation. V. sepium individuals were
attended by very different species of ants. Across the 26 pop-
ulation visited, we observed 13 species of ants (Camponotus
herculeanus, Formica cunicularia, Formica fusca, Formica
paralugubris, Formica pratensis, Formica sanguinea,
Fig. 1. Ant olfactometer. Shown is a
modiﬁed six-arm olfactometer after Rasmann
et al. (2005) that was used to measure ant
attraction toward healthy or jasmonic acid–
induced Vicia sepium plants, coming from
high or low elevation in the Swiss Alps.
(a) (b)
(c)
Fig. 2. Ant visitation and herbivory rates
along elevation. Shown is the proportion of
Vicia sepium plants attended by ants in
natural populations spanning a large elevation
gradient (a), the average number of ant
species found attending plants in those
populations (b) and the average ( SD)
amount of herbivory in Vicia sativa placed at
different elevations (c).
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Myrmica sulcinodis, Myrmica specioides, Lasius ﬂavus, La-
sius niger, Lasius umbratus, Plagiolepis spp., Solenopsis
spp.) interacting with V. sepium, demonstrating the generalist
behaviour of the plant. Overall, there was a marginal ten-
dency of populations at higher elevation to be visited by a
larger number of species (Fig. 2b, F1,14 = 4.4, P = 0.055).
Finally, when individuals of V. sativa were placed in grass-
lands along the elevation gradient, we observed a strong
decrease in herbivory especially above an elevation of
1800 meters (Fig. 2c, F1,107 = 7.58, P = 0.001).
ELEVATION EFFECTS ON DIRECT AND INDIRECT
DEFENCES IN V. SEPIUM
We found that the total weight of larvae growing on plants
from high-elevation ecotypes was signiﬁcantly higher than the
weight of those growing on the low-elevation ecotypes (Fig. 3,
F1,22 = 5.4, P = 0.034). This is partially due to the greater sur-
vival of larvae on the high-elevation ecotype. We expected dif-
ferences in larval weight based on previous experiments
(Pellissier et al. 2012a,b), but not a strong difference in sur-
vival. Thus, we conducted a ﬁrst trial with 10 replicates and
conﬁrmed the results by performing a second trial with 20 rep-
licates. We present the full results including the total 30 repli-
cates (Fig. 3) and accounted for the experimental block effects
in the model. We could not detect cyanogenic glycoside pro-
duction in any of the V. sepium samples screened, either in
control plants or in induced plants.
The VOCs collection analyses indicated that similar com-
pounds were emitted by V. sepium plants from low and high
elevation. The two ecotypes differed, however, in the amount
of VOCs emitted (Fig. 4). In particular, the amount of VOCs
differed among compounds from different RT (F1,405 = 13.7,
P < 0.0001), but also between treatment with jasmonate
(F1,405 = 108.7, P < 0.0001) and elevation ecotype
(F1,405 = 4.11, P = 0.04). Control plants from high elevation
had lower VOCs emissions than low-elevation plants
(F1,190 = 11.4, P = 0.001). In contrast, when induced with
jasmonate, we found no signiﬁcant differences between high-
and low-elevation ecotypes (F1,190 = 0.05, P = 0.81). We
found similar results when the amount of emission from dif-
ferent RT were pooled into the total amount of VOCs pro-
duced, that is, a lower constitutive amount of VOCs produced
by the high-elevation ecotype (F1,8 = 16.7, P = 0.003), but
no signiﬁcant difference after induction (F1,8 = 0.37,
P = 0.56) (Fig. 5). Of particular note, the concentration of
ocimene was twice as strong in the high compared with the
low-elevation ecotype (Fig. 4).
ANT ATTRACTION
The olfactometer experiment indicated a signiﬁcant effect of
induction with jasmonate on ant attraction (Fig. 6,
F1,84 = 9.0, P = 0.003), no consistent effect of elevation eco-
type (F1,84 = 0.28, P = 0.75), but a signiﬁcant interaction
between jasmonate induction and ecotype (F1,84 = 4.75,
P = 0.03). First, the jasmonate treatment increased ant attrac-
tion to the plants. Second, jasmonate induction did not affect
low- and high-elevation ecotypes in the same way. For the
constitutive treatment, low-elevation ecotypes were more
attractive than high-elevation ones. Once defences were
induced, however, the high-elevation ecotypes were more
attractive to ants. Because V. sepium is highly generalist in
terms of the ant species that are attracted (see above results),
we expected no effect of the ant species used in this
experiment. Indeed, including ant species as a cofactor in the
model did not inﬂuence the results.
Fig. 4. Volatile organic compounds production of Vicia sepium
plants. Shown are averages 1 SD of constitutive (lighter colors) and
jasmonic acid-induced (darker colors) volatiles of plants from low or
high elevation. Numbers represent individual compounds: 1. Z,3-
hexenol; 2. b-pinene; 3. b-myrcene; 4. unkonwn monoterpene; 5.
ocimene; 6. unknown monoterpene; 7. linalool; 8. unknown monoter-
pene; 9. unknown compound; 10. methyl salicylate; 11. myrtenal; 12.
jasmonol; 13. a-copaene; 14. unknown sesquiterpene; 15. b-caryo-
phyllene; 16. a-caryophyllene; 17. b-farnesene; 18. – 21. unknown
sesquiterpene; 22. nerolidol; 23. methyl-jasmonate. Identiﬁcation of
compounds is based on comparison of retention times and mass spec-
tra with standards.
Fig. 3. Elevation effect on resistance in Vicia sepium plants. Shown
are averages 1 SD of the total larval weight of 30 larvae of Spodop-
tera littoralis placed during two weeks on individual of Vicia sepium
plants that originated from low- (about 500 m) and high (about
1500 m) elevation collected seeds.
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Discussion
Our study is the ﬁrst to simultaneously measure intraspeciﬁc
variation in plant direct and indirect defence along elevation
gradients. Consistent with a reduced investment in defence
following the decrease in herbivory at higher elevations
(Fig. 2c), we found lower plant resistance to herbivores as
well as reduced constitutive VOCs emissions and EFNs pro-
duction in the high-elevation ecotypes. These ﬁndings were
coupled with an overall reduction in ant attendance in high-
elevation populations (Fig. 2a). Once plant defences were
induced with the wound-related hormone jasmonic acid; how-
ever, VOCs emissions were not different in high- and low-
elevation populations. Moreover, ant attraction was enhanced
in the high-elevation ecotype. Our results suggest that plants
growing at high-elevation better modulate indirect defences.
The beneﬁts of defence mutualisms are expected to be con-
text-dependent (Bronstein 1994). For instance, abiotic condi-
tions should inﬂuence the costs and beneﬁts of interaction in
plant/ant mutualisms (Kersch & Fonseca 2005). In this con-
text, we suggest that the potentially low-cost inducible
defence strategy may be particularly suitable in environments
where the herbivore composition and abundance are more
variable in space and time and where the costs of establishing
constitutive defence may be too high in the less productive
environment (Agrawal & Karban 1999).
Spodopetra littoralis caterpillars experienced lower survival
and grew signiﬁcantly less rapidly on low-elevation ecotypes
compared with high-elevation ecotypes growing in common
garden conditions. These results show that direct defences
(both constitutive and induced) are probably to be locally
adapted to herbivore pressure, rather than purely the product
of the available resources during the growing season. Sup-
porting this result, a phylogenetically controlled experiment
recently showed that high-elevation plants are less resistant
than their congeneric low-elevation relatives (Pellissier et al.
2012a). Because insects are ectothermic, insect abundance
and herbivory rates are generally expected to decrease with
increasing elevation and thus modify the selective pressure on
plant defence traits (Hodkinson 2005).
Components of the direct defence system should be respon-
sible for the greater palatability of the high-elevation ecotype.
We detected no cyanogenic glycosides in any of the plants
analysed, but a change in concentration of other unmeasured
molecules may shape differences in the direct defences of
V. sepium from each elevation. For instance, nitrogen content
has been shown to decrease in plant leaves at higher elevation
(Dubuis et al. 2013). Therefore, lower palatability caused by
reduced nitrogen ﬁxing may explain the difference in survival
between ecotypes, but this hypothesis requires further exami-
nation. In addition, it remains to be tested whether ecotypic
differentiation between high- and low-elevation populations is
the result of ﬁxed genetic differences or whether resistance to
herbivores is shaped by other non-genetic effects (Rasmann
et al. 2013).
We also detected variation in indirect defence with eleva-
tion, but the pattern was more complex. Constitutively, high-
elevation ecotypes produced signiﬁcantly lower quantities of
VOCs than low-elevation ones. However, both ecotypes pro-
duced a similar amount of VOCs when induced with methyl-
jasmonate. Paralleling our results, Wason, Agrawal and
Hunter (2013) recently showed that high-latitude populations
(a) (b)
Fig. 5. Effect of elevation on volatile organic compounds (VOCs)
production. Shown are averages1 SD of total VOCs produced by indi-
vidual Vicia sepium plants from low- (about 500 m) or high (about
1500 m)-elevation collected seeds. VOCs were collected from healthy,
undamaged plants (a), or after induction with methyl-jasmonate (b).
(a) (b)
Fig. 6. Effect of plant ecotypes on ant recruitment. Shown are aver-
ages 1 SD of ants that were attracted to Vicia sepium plants that
originated from low- (about 500 m) or high-elevation (about 1500 m)
collected seeds. Plants were either left undamaged (a), or induced
with methyl-jasmonate (b).
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of Asclepias syriaca showed greater induction of VOCs
emissions than low-latitude ones. However, using the same
system, despite this difference in VOCs produced by plants
from different latitudes, Wason and Hunter (2014) found no
difference in recruitment of herbivore natural enemies
between ecotypes. In contrast, here, we found increased ant
attraction to the high-elevation ecotype of V. sepium follow-
ing induction with methyl-jasmonate. Abundant evidence indi-
cates that ants can be attracted by VOCs and EFNs (Brouat
et al. 2000; Raguso 2004; Edwards et al. 2006; Kost & Heil
2008), but we further show that ant attraction levels may
respond to phenotypic variation of plant ecotypes along eco-
logical clines. Relatively few studies have reported intraspe-
ciﬁc variation in VOCs emission in natural populations of
plants and/or differences in the attraction of natural enemies
(Kessler, Gase & Baldwin 2008; Kariyat et al. 2012; Pearse,
Gee & Beck 2013; Wason & Hunter 2014). Yet, we know
that the production of herbivore-induced VOCs depends on
the interaction between biotic factors, including plant hor-
mones (van Poecke & Dicke 2004), herbivore-derived elici-
tors (Halitschke et al. 2001), microorganisms (Huang et al.
2005) and abiotic factors, such as mechanical wounding
(Mithofer, Wanner & Boland 2005), O3 and CO2 concentra-
tion (Jasoni et al. 2004; Vuorinen et al. 2004), temperature
and light (Takabayashi, Dicke & Posthumus 1994; Gouingu-
ene & Turlings 2002), UV-radiation (Johnson et al. 1999)
and many other factors (Penuelas & Llusia 2001). We thus
propose that modulation of herbivore enemy attraction may
be an important element of plant adaptation to shifts in
herbivore pressure and variation in environmental factors.
Interestingly, we show that ocimene was produced at much
higher concentrations in high- compared with low-elevation
ecotypes. This monoterpene is known to be released by dam-
aged plants (Halitschke et al. 2000) and to attract predators
(Arimura et al. 2004; Shimoda et al. 2012). In future studies,
this compound should be considered as a potential primary
elicitor of ant attraction. Finally, it should be noted that
VOCs production may be herbivore-speciﬁc and that induc-
tion may vary in response to attacks by particular herbivores
(Pichersky, Noel & Dudareva 2006). Therefore, differences in
VOCs proﬁles and concentrations between high- and low-ele-
vation plants might have been stronger under real herbivore
attacks compared with jasmonate induction.
Ant-mediated indirect defence, which reduces herbivory
and increases ﬁtness of the plant (Trager et al. 2010), can be
triggered by the jasmonic acid signalling pathway (Radhika
et al. 2008). However, the cost and beneﬁt of constitutive rel-
ative to inducible defences may be context-dependent and, if
so, the two strategies are expected to negatively correlate
with each other (Agrawal, Conner & Rasmann 2010). Indeed,
given the energetic cost of defences and the lower resource
availability (e.g. growing season, nitrogen) at high compared
with low elevation, redundant defence strategies should be
counter-selected. Our results of low constitutive but high
inducibility of VOCs production and ant attraction at high
elevation, supports the hypothesis of habitat mediated trade-
offs between defence strategies. Modulation of indirect
defence may be a resource-efﬁcient strategy for plants
growing in environments where the probability of herbivore
attack is reduced and more stochastic in space and time
(Zangerl & Rutledge 1996). Future work is needed to disen-
tangle the role of VOCs versus the role of nectar in mediat-
ing ant attraction (Raguso 2004; Kessler & Heil 2011). Yet,
the observed ant attraction patterns to non-ﬂowering plants
suggest that VOCs are the predominant long-range attractant
in the system. Following similar cost-based reasoning, direct
and indirect defences should also trade-off, as was shown by
Ballhorn et al. (2008) in lima bean plants. However, here, we
show that both constitutive direct resistance and VOCs pro-
duction (indirect defences) are reduced at high elevation.
Similarly, it was shown that constitutive cardenolide produc-
tion (direct defence) and VOCs production (indirect defence)
in roots do not trade-off across genotypes of Asclepias syri-
aca (Rasmann et al. 2011). One possible explanation may be
that the expected trade-off between direct and indirect
defences is evident only after induction. Adjustments in indi-
rect defences may also arise from differences in nectar pro-
duction. On average, nectar production was 1.45 times higher
in low-elevation plants compared with high-elevation ones
(F1,22 = 23.76, P < 0.0001). Nevertheless, as we only sur-
veyed one low- and one high-elevation population, difference
in nectar production along elevation gradients requires further
investigation.
We found a shift in ant species composition and diversity
in the communities attending V. sepium populations along the
elevation gradient. The number of ant species found in popu-
lation of V. sepium was lower at low elevation, where the ant
diversity is highest (Machac et al. 2011; Reymond et al.
2013). EFNs and higher nectar production are probably to be
a better food source for ants at lower elevations and should
be guarded by the more aggressive or specialized ant species.
In contrast, because at high elevation, the nectar is a less reli-
able resource, V. sepium plants may attract a broader sample
of ant species that are opportunistically taking advantage of
EFNs when they are available. Indeed, our results support the
hypothesis that high-elevation harsh climate and scattered
resources correlate with a more generalist insect behaviour
(Rasmann, Alvarez & Pellissier 2014), as recently found for
ants associated with myrmecophilous butterﬂies (Pellissier
et al. 2012b).
In summary, herbivore pressure, predator abundance and
resource availability seem to be the main drivers of variation
in investment into direct and indirect defences along eleva-
tion. The plants living in low-resource conditions at high ele-
vation can re-allocate their resources in response to damage,
but given the paucity of herbivores and the increased spatio-
temporal variability in herbivore attacks, investment in induc-
ible defences is a more favourable strategy. Therefore, plant-
mediated multitrophic feedbacks between plants, herbivores
and predators shape community structure along environmental
gradients. In particular, decreases in the frequency of herbi-
vores would reduce food supply for their predators both
directly and indirectly via interactions with plants. Neverthe-
less, plants are able to mount higher levels of defences at
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higher elevations when induced, as predicted by defence
allocation hypothesis (Coley, Bryant & Chapin 1985; Zangerl
& Bazzaz 1992).
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